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Derek M. Heeren, Garey A. Fox, Chad Penn, Todd Halihan, Daniel E. Storm, and Brian Haggard This article is available at DigitalCommons@University of Nebraska -Lincoln: https://digitalcommons.unl.edu/biosysengfacpub/ ncreased nutrient loads have adversely influenced surface water quality across the U.S., including excessive algal growth, fish kills, and drinking water taste and odor issues. The significance of this problem has been highlighted by litigation, with one case even reaching the U.S. Supreme Court (Arkansas v. Oklahoma, 1992) . Phosphorus (P) is generally considered the limiting nutrient in most surface water systems (Daniel et al., 1998) , although nitrogen is critically important to lakes and reservoirs, especially during late summer. While optimum crop growth requires P above 0.2 mg L -1 in the soil solution, preventing surface water enrichment generally requires P to be below 0.03 mg L -1 in the surface water body (Pierzynski et al., 2005) . While surface runoff is considered to be the primary transport mechanism for P, leaching through the vadose zone and subsurface transport to streams (Nelson et al., 2005) may be significant and represents a source of P not alleviated by current conservation practices (e.g., riparian buffers).
Rhodamine WT (slightly sorptive), and chloride (conservative). Electrical resistivity imaging identified zones of preferential flow. Fluid samples from observation wells indicated nonuniform subsurface flow and transport. The surface soil type, ranging from silt loam to clean gravel outcrops, had a significant impact on P leaching capacity, with gravel outcrops resulting in high infiltration rates and rapid solute detection in wells (e.g., 4 min). Even in silt loam
Elevated P concentrations in surface water have been a concern in the Illinois River watershed (IRW), which is a trans-boundary watershed within the Ozark Highlands ecoregion of northeastern Oklahoma and northwestern Arkansas. In 2002, the Oklahoma Water Resources Board promulgated a total phosphorus (TP) criterion (i.e., 0.037 mg L -1 ) for the Scenic Rivers, including the Illinois River, based on Clark et al. (2000) . The states of Arkansas and Oklahoma then signed the First Statement of Joint Principles and Actions in 2002, which had state-specific requirements with regard to Oklahoma's TP criterion, wastewater treatment plants (WWTPs), and application of poultry litter to the landscape within the IRW. In 2002, P concentrations, loads, and municipal WWTP inputs started to decrease in the Illinois River as a result of watershed and WWTP management changes (Haggard, 2010; Scott et al., 2011) . While concentration reductions closed the gap to Oklahoma's TP criterion, the concentrations during seasonal base flow in summer were still elevated above the criterion in the Illinois River at the state border (~0.10 mg L -1 , B. E. Haggard, unpublished data) . The states of Arkansas and Oklahoma agreed to a Second Statement of Joint Principles and Actions requiring a Joint Phosphorus Study to "determine the TP threshold response level at which any statistical shift in algal species composition or algal biomass productions occurs resulting in undesirable aesthetic or water quality conditions in the Designated Scenic Rivers." This Joint Phosphorus Study along with recommendations on TP thresholds, sampling frequency, and sampling duration to state governors will potentially be finished in CY 2016. These legal and regulating actions all point to the importance of understanding P sources and transport pathways within the IRW and the greater Ozark Highlands.
Research is currently limited in understanding the potential significance of connectivity between P in surface runoff and groundwater and P movement from the soil to groundwater in watersheds with cherty and gravelly soils Mittelstet et al., 2011) . While surface runoff is considered to be the primary transport mechanism for P (Gburek et al., 2005) , the potential for P leaching is commonly estimated based on point measurements of soil test P (STP) or measurements of the sorption capacity of disturbed soil samples representing the soil matrix. However, in many riparian floodplains, gravel outcrops and macropores are present (Miller et al., 2014) . These gravel outcrops can lead to extremely high infiltration rates, some of which are reported to be on the order of 800 cm h -1 (Sauer and Logsdon, 2002; Sauer et al., 2005) . P-laden water during high-flow discharges exceeding bankfull events can infiltrate in the floodplain subsoil and migrate back to the streams.
Considerable research on P leaching has been performed on the properties of point soil samples, and some research has been conducted on P transport in undisturbed soil columns (West, 1992; Ulen, 1999; Maguire and Sims, 2002; Djodjic et al., 2004) . Djodjic et al. (2004) performed experiments on P leaching through undisturbed soil columns and stressed the need to consider larger-scale leaching processes due to soil heterogeneity. They stated that the "water transport mechanism through the soil and subsoil properties seemed to be more important for P leaching than soil test P value in the topsoil. In one soil, where preferential flow was the dominant water transport pathway, water and P bypassed the high sorption capacity of the subsoil, resulting in high losses." P leaching has been monitored under natural field conditions with lysimeters (West, 1992) and vacuum samplers (Nelson et al., 2005) , but these methods may not intercept infrequent but important macropores. Field research has been limited on P leaching at the plot scale (1 to 100 m 2 ), where infiltration and transport may be controlled by heterogeneity present at various scales.
A common best management practice in riparian floodplains is using riparian buffers or vegetative filter strips (VFS) to reduce sediment, nutrient, and pesticide loading to nearby surface water bodies (Popov et al., 2005; Reichenberger et al., 2007; Sabbagh et al., 2009; Fox and Penn, 2013) . Reduced transport occurs through contact between dissolved-phase solutes with vegetation in the filter strip and/or by reducing flow velocities to the point where eroded sediment particles can settle out of the water. In floodplains with significant heterogeneity, such as macroporosity and gravel soils, the effectiveness in preventing loading to nearby streams and rivers may be less than originally anticipated if a significant transport pathway occurs into the shallow groundwater and bypasses the filtering capacity of the VFS. The impact of such heterogeneous infiltration and leaching is not known at this time.
Several studies have been conducted to investigate subsurface P transport in alluvial aquifers in the Ozark ecoregion. Injection tests showed preferential flow paths and physical non-equilibrium in the coarse gravel vadose and phreatic zones (Fuchs et al., 2009; Heeren et al., 2010) . Preferential flow paths were interpreted to be buried gravel bars (Heeren et al., 2010; Miller et al., 2014 Miller et al., , 2016 . Long-term flow and transport monitoring at two floodplain sites showed aquifer heterogeneity and large-scale bank storage of stream water (Heeren et al., 2014b) and stage-dependent transient storage of P in the alluvial aquifer . Subsurface P transport rates in the alluvial aquifers were quantified and found to be significant compared to surface runoff P transport rates on well-managed pastures .
The specific objective of this research was to quantify the impact of hydrologic heterogeneities on the P transport capacity of silt loam soils common in the Ozark ecoregion. Two types of hydrologic heterogeneities were expected to promote greater infiltration and solute transport than initially expected: (1) macropores or large openings (greater than 1 mm) in the soil (Thomas and Phillips, 1979; Akay et al., 2008; Abou Najm et al., 2010) and (2) gravel outcrops at the soil surface (Saur et al., 2005; Miller et al., 2014) . Field experiments measured P concentration of water in the gravelly subsoil during ponded infiltration at several alluvial floodplains with varying topsoil thickness.
METHODS

ALLUVIAL FLOODPLAIN SITES
Three alluvial floodplain sites were selected in the IRW, with soils generally consisting of a silt loam mantle underlain with alluvial gravel deposits (table 1). Five infiltration plots at the Barren Fork Creek site were located in two areas based on electrical resistivity imaging data (Miller et al., 2014 (Miller et al., , 2016 : (1) where the gravel formation was under a thick mantle (134 to 145 cm) of silt loam ("deep gravel"), and (2) on a buried gravel bar where the gravel was closer to the current ground surface (104 to 113 cm of silt loam, "shallow gravel"). At the Pumpkin Hollow site, two infiltration plots were located in gravel outcrops, and two were located on control locations without a distinct gravel outcrop. Gravel outcrops in the floodplain appeared to be gravel splays from a recent high-flow event (on the order of a 50-year recurrence interval) rather than an exposed buried gravel bar. Five infiltration plots at the Clear Creek floodplain site were located in two unique geomorphic formations. Formation A, located on the west side of the creek, was very similar to the alluvial deposits at the Barren Fork Creek site, with an apparently uniform layer of silt loam (0.5 to 1.0 m) above chert gravel generally extending downward to limestone bedrock. Unlike the Barren Fork Creek site, the gravel in Formation A contained a buried soil horizon with potential for a perched water table. Formation B, located on the east side of the creek, was very gravelly at the surface but the gravel had a high enough proportion of fines to cause low infiltration rates. The streambank profile at Formation B was 3.5 m tall, with a very thick limiting layer (silt loam) ranging from 2.1 to 2.4 m thick. Further information on the three field sites, including site maps and plot locations, can be found in Heeren et al. (2015) .
Background soil P levels were characterized with the Mehlich III soil test P (STP) method (Mehlich, 1984) . At each site, 25 to 30 samples were collected with a hand-held soil probe (0-15 cm depth) from random locations in a large area around the infiltration plots. The individual samples were composited and mixed thoroughly. Three replications from each composite sample were tested at the Oklahoma State University Soil, Water, and Forage Analytical Laboratory, with the average STP of the three replicates being the STP for a site (table 1) .
SOIL CORES AND CHEMICAL ANALYSIS
Soil core samples were collected with a 6200 TMP (trailer-mounted probe) direct-push drilling machine (Geoprobe Systems, Salina, Kans.) using a dual-tube core sampler with a 4.45 cm opening. The sampler opening (size) limited the particle size sampled from the coarse gravel subsoil; large cobbles occasionally clogged the sampler, resulting in incomplete cores for that depth interval.
Before the P injection experiments, background soil cores were collected during installation of the observation wells from one to four wells per plot. After an experiment was completed, an additional two to four soil cores were collected from within the plot in order to document the change in the soil profile P levels due to the infiltration of P-laden water. Soil cores were stored in the shade during the field experiments (less than six days) and were subsequently refrigerated until the samples could be air-dried and prepared for testing. Geoprobe soil coring typically began at the soil surface and proceeded to, or past, the water table (0.5 to 3.5 m below ground surface). After the 10 m  10 m plots, a hand soil sampler (0 to 45 cm) was used to take a higher number of samples across the plot.
Soil cores were sliced in the lab into approximately 15 cm samples representing different vertical horizons. All soils were air-dried and sieved with an 8 mm sieve prior to analysis. While a 2 mm sieve is commonly used, laboratory analysis showed that P sorption capacity was significant on the 2 to 4 mm and 4 to 8 mm particle size fractions as well as the <2 mm size fraction. The >8 mm particle size fraction had only a small capacity for P sorption and was difficult to analyze with regular soil chemistry lab procedures. Therefore, all soil chemistry testing was performed on the <8 mm fraction of each sample.
Soil pH and electrical conductivity (EC) were determined with a 1:1 ratio (mass-based) of soil to de-ionized water solution, stirred with a glass rod and equilibrated for 30 min. All soil samples (approximately 670) were analyzed for water-soluble (WS) P, Al, Fe, Ca, Mg, and Mn content for characterization of P sorption potential. Water extractions were conducted by shaking air-dried soil with de-ionized water (soil:solution ratio of 1:10) end over end for 1 h, followed by centrifuging (2500 rpm at 5 min) and filtration with 0.45 m Millipore membrane. Extracted P, Al, Fe, Ca, Mg, and Mn were analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES).
Oxalate-extractable P, Al, Fe, and Mg (1:40 ratio of soil to 0.2 M acid ammonium oxalate (pH 3), 2 h reaction time in the dark; McKeague and Day, 1966) were determined for all "topsoil" (approximately the top 10 to 15 cm of the soil core) samples (n = 64). The P, Al, Fe, and Mg from ammonium oxalate extractions were measured using ICP-AES. The ratio of ammonium oxalate-extractable P to (Al + Fe) (all values in mmol kg -1 ) was expressed as:
where DPS ox is the ammonium oxalate degree of P saturation (%). Note that this is exactly the same as the traditional soil degree of P saturation (DPS) calculations (Pautler and Sims, 2000) except without the empirical constant , which is used to relate soil P sorption capacity to Al ox and Fe ox . Because the  value was unknown for these soils, no  value was used (Beauchemin and Simard, 1999; Beck et al., 2004) .
Nine P adsorption isotherms were performed on background vadose zone samples (<8 mm fraction) from each geomorphic formation at each site, from various depths, and across a range of textures. The P adsorption isotherms were conducted by adding different levels of P solution (0.0, 0.5, 1.0, 10, and 20 mg P L -1 ) to 2.0 g soil samples, equilibrating for 24 h (shaking), and measuring P in the equilibrated, centrifuged, and filtered samples with ICP-AES. Because the soil samples already had a significant amount of previously sorbed P, desorption occurred at low solution P concentrations. The equilibrium P concentration (EPC) was calculated as the intercept of a logarithmic trendline fit to the data for each isotherm sample. The EPC is the solution P concentra- [a] Sampled in Formation A on the west side of the creek.
tion at which zero net P sorption or desorption occurs. When the solution surrounding a soil or sediment is greater than its respective EPC, the sediment is expected to adsorb P. If the solution P concentration is less than the EPC, the material is expected to desorb P. Using a linear least squares model, isotherm data were also fit to the Langmuir equation:
where s is the adsorbed mass (mg P kg -1 soil), b is traditionally understood to be the maximum sorption (mg P kg -1 soil), K L is traditionally understood to be the sorption affinity (L water mg -1 P), C eq is the equilibrium solution P concentration (mg P L -1 water), and k s is the initial slope of the curve (at low C eq ) of the isotherm (L water kg -1 soil). While P isotherms are nonlinear and often characterized by the Langmuir equation, they typically exhibit linearity at low concentrations. Therefore, the low C eq data (less than 8 mg L -1 ) were fit with a linear isotherm:
where
soil) for the fine fraction (<8 mm) of the soil sample, and y int is where the line intercepts the y-axis (mg P kg -1 soil). The absolute value of y int is an indication of the amount of P previously sorbed onto the soil sample at the time of sample collection, although the actual amount of previously sorbed P is likely to be higher due to adsorption-desorption hysteresis.
BERM INSTALLATION AND HYDRAULICS
Measuring leaching of solutes at a plot scale is difficult, especially for high hydraulic conductivity soils. This research used the berm method (Heeren et al., 2014a) to confine infiltration plots and maintain a constant head of 3 to 10 cm of water, with plot sizes ranging from 1 m  1 m to 10 m  10 m ( fig. 1 ). Depth to the water table ranged from 50 cm at the Pumpkin Hollow site up to 350 cm at the Clear Creek site. Four to six infiltration experiments were performed at each field site, with plots selected to represent a range of infiltration rates. Specific plot locations and analysis of the infiltration data were presented by Heeren et al. (2015) , who found saturated hydraulic conductivity to range over two orders of magnitude.
Each berm was constructed of four sections of 15 cm vinyl hose attached to 90° steel elbows surrounding the infiltration gallery. A shallow trench (3 to 5 cm) was cut through the thatch layer, and a thick bead of liquid bentonite was used to create a seal between the berm and the soil. Highdensity polyethylene tanks (4.9 and 0.76 m 3 ) were used to mix stream water and solutes. When a tank was nearly empty, flow was temporarily stopped while the tank was refilled and solutes were added and mixed. Water was gravityfed to the smaller plots from the mixing tanks, but the largest plots (10 m  10 m) required continuous pumping from a nearby stream and solute injection directly into the pump hose using Dosatron injectors (D8R, Dosatron, Clearwater, Fla.) ( fig. 1 ).
Chloride (Cl Cl -), depending on background electrical conductivity (EC) levels in the alluvial aquifer. Rhodamine WT (RhWT) was used as a dye introduced into the plots at concentrations of 10 to 100 mg L -1 . The RhWT was regarded as a slightly sorbing solute because the soils were expected to have organic matter contents of less than 2%, resulting in a minor amount of RhWT sorption. The RhWT served as a visual indicator of hydraulic connectivity in the observation wells.
The P was expected to be a highly sorbing solute in comparison to Cl as phosphate) were used to represent runoff P concentrations from a field receiving poultry litter (typically used as a fertilizer source in the Ozark ecoregion) in the range of 2 to 8 Mg ha -1 (Kleinman et al., 2002; DeLaune et al., 2004; Schroeder et al., 2004) . The actual P concentrations in the injection water were 2 to 3 mg L and HPO 4 2-in the slightly acidic solution. The inflow water in the plots was sampled throughout the experiment to verify these concentrations. The inflow solution was not buffered because the solution pH remained high relative to the soil pH, which prevented the dissolution of calcium from the soil minerals. The source stream water for injecting was also sampled over time to quantify its P contribution. Redox conditions were not expected to be a concern for characterizing P fate and transport because of the lack of anaerobic conditions due to the high porosity and excessive drainage of both the soil and subsurface materials in Ozark floodplains. For example, dissolved oxygen (DO) of the groundwater at the Barren Fork Creek site measured with a handheld, luminescent-based dissolved oxygen meter (ProODO DO meter, YSI Inc., Yellow Springs, Ohio) ranged from approximately 8 mg L 
OBSERVATION WELLS AND SAMPLE ANALYSIS
Suction cup lysimeters were not used because of the difficulty of installation in gravelly soils, the risk of creating preferential flow paths in the vadose zone, and the low likelihood of intercepting macropores. Bero et al. (2015) used observation wells to monitor conservative tracers in a shallow aquifer during large plot experiments under rainfall and irrigation. In this research, observation wells were installed every 0.5 to 2 m around the perimeter of the plots to collect groundwater samples. When a confining layer was present (based on soil cores), shallow observation wells were installed, with alternating wells designed specifically to sample from the vadose zone (where perched water was expected) and the remaining observation wells designed specifically to sample from the phreatic zone.
A Geoprobe Systems drilling machine (6200 TMP, Kejr, Inc., Salina, Kans.), which is effective in coarse gravel soils Miller et al., 2011) , was used to install 4 to 12 observation wells around each plot. Boreholes were sealed with liquid bentonite to prevent water and solutes from leaking down the annulus. Low-flow sampling with a peristaltic pump was used to collect groundwater samples from the top of the water table (within 10 cm of the water table). Sampling intervals were adjusted based on EC meter readings (to detect elevated levels of Cl -) and visual observations of RhWT with the goal of having enough data points to characterize solute breakthrough curves.
Well and plot water samples, as well as background stream and groundwater samples, were stored and transported on ice and were tested for both P and Cl -at the Arkansas Water Resources Center Water Quality Laboratory on the University of Arkansas campus. The soluble reactive P (SRP) samples were filtered within 24 h of sampling using 0.45 m filters and acidified with sulfuric acid. The SRP was determined colorimetrically with the modified ascorbic acid method (EPA Method 365.2; Murphy and Riley, 1962 ) with a spectrophotometer (DU 720, Beckman Coulter, Indianapolis, Ind., minimum detection limit of 0.002 mg L ). The RhWT samples were analyzed at Oklahoma State University with a Trilogy laboratory fluorometer (Turner Designs, Inc., Sunnyvale, Cal., minimum detection limit of 0.01 mg L -1 ). For each solute, the concentration ratio (C r = C/C 0 ) between the concentration in the well (C) and the concentration injected into the plot (C 0 ) was used to examine breakthrough curves (BTCs). Without considering macropore and/or gravel outcrop infiltration, P would be expected to only minimally travel through the soil matrix. The BTCs, peak concentrations, and the time to reach the peak concentration in the monitoring wells were compared between the Cl -, RhWT, and P concentrations, which possess different sorption properties.
It was infeasible to apply an analytical solution of the advection dispersion equation (ADE) to the BTCs for two reasons: (1) dilution of leachate with aquifer water, and (2) transient flow conditions for the solute injection (in contrast to injecting water until steady infiltration was achieved before injecting solutes). Concurrent research is using numerical methods to solve the Richards equation and the ADE with a dual porosity model for this data set (not presented here). In this analysis, solute transport was evaluated by comparing the maximum solute velocity (v s,max ) to mean pore water velocity (v):
where q is the water flux rate (cm h ). The q value was the steady-state infiltration rate for each plot. The  value was likely to be near saturation in the upper silt loam layer but much lower in the gravel subsoil. Due to the sharp hydraulic conductivity difference between the silt loam and the gravel, fingering was expected to occur as water from the silt loam percolated into small zones of nearly saturated flow in the high hydraulic conductivity gravel. Therefore, a range of  was used, resulting in a range of v for each plot. The minimum  was 0.10, corresponding to the gravel that remained largely unsaturated even during steady ponded infiltration. The maximum  was 0.50, corresponding to the porosity of the silt loam layer calculated from the minimum dry bulk density (1.3 g cm -3
) and assuming a particle density of 2.65 g cm -3
. The maximum solute velocity (v s,max ) was calculated as the time to initial solute detection in an observation well divided by the distance of travel. The total solute transport distance was the sum of the vertical distance from the soil surface to the water table for each site and the horizontal distance from the edge of the plot to the observation well (50 cm), resulting in a total distance of 350, 100, and 400 cm for the Barren Fork Creek, Pumpkin Hollow, and Clear Creek floodplain sites, respectively. Often an average solute velocity is determined from the breakthrough time, defined as the time when the concentration reaches 0.5C 0 . Because the observation well concentrations rarely reached 0.5C 0 in this research, the time to the first detection, based on the minimum detection limit for each solute, was used instead. The v s,max based on initial detection was calculated for each solute and plot.
MONITORING WITH ELECTRICAL RESISTIVITY
Vertical electrical resistivity profiles were collected at the floodplain sites during the infiltration and leaching experiments ( fig. 2) . Electrical resistivity was used to characterize the heterogeneity of the unconsolidated floodplain sediments, as well as locate the infiltrating plume of water and solutes by detecting changes in pore water. Electrical resistivity imaging (ERI) is based on measuring the electrical properties of near-surface earth materials (McNeill, 1980) , which vary with grain size, pore-space saturation, pore-water solute content, and electrical properties of the minerals. The electrical behavior of earth materials is controlled by Ohm's law, in which current is directly proportional to voltage and inversely proportional to resistance. Electrical current travels readily in pore water and poorly in air; cations adsorbed to soil particle surfaces reduce resistivity. Clay particles have a large surface area per volume and thus have generally lower resistivity (1 to 100 -m) compared with sands or gravels (10 to 800 -m), which are lower than limestone bedrock (McNeill, 1980) . ERI data were collected using a SuperSting R8/IP earth resistivity meter (Advanced GeoSciences Inc., Austin, Tex.) with 28-electrode arrays. The profiles employed electrode spacings of 0.5 m with an associated depth of investigation of approximately 3 m, which included the vadose zone as well as the top of the water table. The resistivity data from the SuperSting R8/IP were inverted using a proprietary routine devised by Halihan et al. (2005) , which produced higher-resolution images than conventional techniques (Heeren et al., 2010; Miller et al., 2014) . The ERI resistivity data were interpolated into grids and contoured using Surfer 8 (Golden Software, Inc., Golden, Colo.). Differencing was used to display the percent difference in resistivity between the background image (before infiltration) and images collected during the infiltration experiments. The upgradient electrical resistivity line went through the center of the infiltration plots ( fig. 2) . The downgradient line was parallel to the first line but 3 m to the southwest, designed to capture the solute plume moving downgradient in the groundwater.
RESULTS AND DISCUSSION
SOIL CHEMICAL PROPERTIES
Isotherms were performed on soil samples displaced from observation well installation, i.e., on soil samples collected before the P injection experiment occurred at that location. The EPC ranged from 0.38 to 3.09 mg L , so net P sorption was expected to occur, with P desorption occurring only minimally during injection field experiments. Because these alluvial aquifers usually possess P concentrations of less than 0.1 mg L -1 , these high EPC values indicated that the vadose zone is likely a source of P to the alluvial aquifers under natural rainfall events when deep percolation occurs, even without poultry litter on the soil surface.
The Langmuir equation did not fit the isotherm data well due to the net desorption that occurred with low input P solutions (resulting in negative s), especially on soil samples with high EPC. The K L and b data were not used as an indication of chemical mechanisms but were considered as fitting parameters. The K L ranged from 0.003 to 0.083 L mg (table 2) . In previous research, topsoil samples from both the Clear Creek and Barren Fork Creek sites were analyzed with flow-through P sorption isothermal titration calorimetry (ITC) experiments (Penn et al., 2014) . Results showed that the dominant P sorption reaction was ligand exchange onto Al/Fe oxides/hydroxides, with a lesser degree of precipitation, and P removal for both soils was limited by physical nonequilibrium instead of chemical nonequilibrium (sorption kinetics).
Both water-soluble extractions and ammonium oxalate extractions (table 3) were performed on all topsoil samples (approximately the top 10 to 15 cm of the soil core). Soil cores were taken during well installation (before the infiltration experiments) and inside the plot (after the infiltration experiments) in order to compare soil P concentrations before and after the injection of P-laden water (table 3). The WSP concentrations ranged from 1.8 to 15.5 mg kg -1 . For some plots, there was a significant increase in WSP from before to after in the infiltration experiment (e.g., the Clear Creek 1010 plot); however, some plots showed a decrease, which was likely due to the small number of replicates in samples from the plots. On average, the oxalate-extractable P increased by 18, 51, and 54 mg kg -1 in the topsoil at the Barren Fork Creek, Pumpkin Hollow, and Clear Creek sites, respectively. The DPS ox ranged from 6.9% to 27.2% and showed a more consistent trend of increase due to the infiltration experiments than WSP. Table 2 . Soil physical and chemical properties for samples selected for phosphorus adsorption isotherms. All soil chemical tests were performed on the fraction of the soil sample that passed through an 8 mm sieve. The geomorphic formation applies to the plot, but the soil type describes the tested soil sample for the specific borehole and depth below the ground surface.  and β indicate the first and second set of infiltration experiments performed at a field site. 
OBSERVATION WELL SOLUTE CONCENTRATIONS
Rhodamine WT and Cl -were observed in no wells for some plots and in all wells for other plots; detection of P ranged from no wells to nearly half of the wells for a given plot (table 4) . Response times ranged from 0.07 h to greater than 48 h. Infiltration and leaching appeared to correlate weakly to topsoil thickness and stream order. P transport did not correlate significantly with the size of the plot, indicating that all plot sizes were within the representative elementary volume (REV) for measuring P transport.
The time to the first detection (table 5) was as low as 0.07 h for RhWT and 0.13 h for Cl -and SRP (Pumpkin Hollow, 11β plot). These low response times, together with the high infiltration rates, demonstrated the impact of the gravel outcrops on the 33 and 11β plots at the Pumpkin Hollow site (tables 4 and 5). Although RhWT is a slightly sorbing solute, it was occasionally detected before Cl -(a conservative tracer) because RhWT injection concentrations were several orders of magnitude above the minimum detection limit. The velocity ratio indicated the impact of macropores by considering the response time in relation to the infiltration rate (table 5) . In many cases, the v s,max was more than double the v, with velocity ratios up to 11. The Barren Fork Creek 33 plot had an order of magnitude difference between v s,max and v for all solutes. This included SRP, a highly sorbing solute, which indicates the dramatic impact of macropore flow.
The BTCs showed that C r began at background levels (near zero) and generally increased with time, approaching (fig. 3) . Within a well, the Cl -(conservative) BTC generally began first, followed by RhWT (slightly sorbing), and finally P (highly sorbing) ( fig. 3, table 6 ). Previous flow-through experiments coupled with calorimetric measurements (Penn et al., 2014) conducted on thin-membrane soils also indicated that both the Barren Fork and Clear Creek soils were able to sorb appreciable P under flowing conditions with short contact times (3 and 10 min).
Observation wells were placed in both the phreatic zone and the vadose zone due to confining layers at the Pumpkin Hollow site and Formation B of the Clear Creek site. Sample collection for the wells in the vadose zone was not possible until a sufficient level of water had perched, at which point concentrations were usually high ( fig. 3b, table 6 ). While significant dilution with groundwater occurred in the phreatic zone wells, dilution in the vadose zone wells was expected to be limited to displaced water from the unsaturated zone, resulting in a C r near 100% for a conservative tracer. During the 5 May 2011 leaching experiment at the Pumpkin Hollow site (33), RhWT leached through the vadose zone and moved laterally 14 m to the stream in less than 1.7 h. The C r of RhWT in the stream near the seep face reached 0.02 (table 6) .
At the Pumpkin Hollow 33β plot, 1.5 m of infiltration occurred over 24 h. Using a maximum  of 0.5, the water would have traveled at least 3 m during the leaching experiment. With a total travel distance of 1.5 m from the infiltration plot to the wells, the infiltrating water must have moved laterally beyond the wells. However, RhWT was never observed in any of the 12 observation wells, with the wells in the phreatic zone spaced from 2 to 3 m apart. The flow must have occurred preferentially at a small enough scale to flow between the well spacing. It was very unlikely that RhWT sorption to organic matter was sufficient to reduce concentrations to below the minimum detection limit, since RhWT is only slightly sorbing and the injection solution had RhWT over three orders of magnitude higher than the minimum detection limit.
For the Barren Fork Creek shallow gravel plots (11 and 33), the RhWT and Cl -concentrations increased by the second sample after the start of the experiment, which was approximately 2 h after the initiation of leaching. Slight increases in concentrations of both RhWT and Cl -were observed after the first sample in some wells, which was taken approximately 0.5 to 1 h after the start of the experiment. Groundwater concentrations reached approximately 50% of the injected Cl -concentration at a breakthrough time of less than 2 h from the initiation of infiltration. Because the leaching experiments at the Barren Fork Creek site were not on gravel outcrops (the "shallow gravel" plots had 104 to 113 cm of silt loam overlying the gravel), this finding indicated the importance of macropore flow in silt loam soils. The P transport was also significant for these two Barren Fork Creek plots (11 and 33; table 4). The SRP concentration in well P was 0.28 mg L -1 (C r = 0.16) only 0.43 h after initiation of infiltration. Peak SRP concentrations ranged from 0.16 to 0.54 mg L -1 (C r = 0.30) for the five wells that had detectable SRP (among 17 wells total; table 4). The importance of macropore flow observed in the transport data was consistent with the flow data analyzed by Heeren et al. (2015) , who compared tension infiltrometer data with saturated hydraulic conductivity estimated from the plot infiltration data; macropore flow accounted for approximately 84% to 99% of total saturated hydraulic conductivity.
Spatial variability in the flow and transport data was significant. Advection along the regional groundwater gradient generally resulted in higher concentrations on the downgradient side of the plots (fig. 4) . The soils in the alluvial floodplain were extremely heterogeneous, which corroborates previous research (Miller et al., 2014 (Miller et al., , 2016 . Even wells only 1 m apart showed significant variation in Cl after 19 h (fig. 5 ). This indicates that rapid flow and transport may be occurring in macropores, which only represent a small volume of the soil column, possibly escaping detection by the electrical resistivity equipment. It is also possible that the gravel remained mostly unsaturated (except for fingering) while transporting all the water delivered to it by the silt loam (top 1 m of the soil profile). The downgradient electrical resistivity line showed lateral migration of water and solutes in the vadose zone as well as the phreatic zone ( figs. 2 and 6) . A traditional understanding of vadose zone hydrology for a silt loam over a gravel layer would not predict lateral movement above the water table, but these data indicate the presence of preferential flow pathways resulting in horizontal transport.
CONCLUSIONS
Highly heterogeneous flow and transport indicated that the soils in the floodplains of the Ozark ecoregion are highly complex and not homogeneous. Elevated Cl -, RhWT, and P concentrations were observed in groundwater samples. With injection P concentrations simulating runoff from a field with poultry litter, SRP concentrations in the observation wells reached up to 0.54 mg L For one plot with a 110 cm layer of silt loam topsoil, the maximum solute transport velocity for SRP, a highly sorbing solute, was 11 times greater than the mean pore water velocity, indicating the striking impact of macropore flow. This research highlighted the difference between the conceptual infiltration model of a diffuse wetting front and actual infiltration in field conditions (Beven and Germann, 2013) .
Previous research demonstrated that P transport through gravel alluvial aquifers to streams is significant (Mittelstet et al., 2011) , and this research shows that P transport from the soil surface (e.g., fertilizer) to the alluvial aquifer can also be significant. Because floodplains are hydrologically wellconnected to alluvial aquifers and streams in gravelly watersheds, a higher level of agricultural stewardship should be considered for floodplains than for upland areas. This has implications for the development of best management practices for floodplains with gravel aquifers and gravel-bed rivers. Future research should include numerical modeling of these field data in order to estimate long-term P loads to the alluvial aquifers. Additional field testing is needed to generate parameter sets to be able to model P leaching for a wide array of soil conditions. 
